Pseudomonas aeruginosa is a strict aerobe which is likely exposed to oxygen reduction products including superoxide and hydrogen peroxide during the metabolism of molecular oxygen. To counterbalance the potentially hazardous effects of elevated endogenous levels of superoxide, most aerobic organisms possess one or more superoxide dismutases or compounds capable of scavenging superoxide. We have previously shown that P. aeruginosa possesses both an iron-and a manganese-cofactored superoxide dismutase (D. J. Hassett, L. Charniga, K. A. Bean, D. E. Ohman, and M. S. Cohen, Infect. Immun. 60:328-336, 1992). In this study, the genes encoding manganese (sodA)-and iron (sodB)-cofactored superoxide dismutase were cloned by using a cosmid library of P. aeruginosa FRD which complemented an Escherichia coli (JI132) strain devoid of superoxide dismutase activity. The sodA and sodB genes ofP. aeruginosa, when cloned into a high-copy-number vector (pKS-), partially restored the aerobic growth rate defect, characteristic of the Sod-strain, to that of the wild type (AB1157) when grown in Luria broth. The nucleotide sequences of sodA and sodB have open reading frames of 612 and 579 bp that encode dimeric proteins of 22.9 and 21.2 kDa, respectively. These data were also supported by the results of in vitro expression studies. The deduced amino acid sequence of the P. aeruginosa manganese and iron superoxide dismutase revealed -50 and 67% similarity with manganese and iron superoxide dismutases from E. coli, respectively. There was also remarkable similarity with iron and manganese superoxide dismutases from other phyla. The mRNA start site of sodB was mapped to 174 bp upstream of the ATG codon. A likely promoter with similarity to the -10 and -35 consensus sequence of E. coli was observed upstream of the ATG start codon of sodB. Regions sequenced 519 bp upstream of the sodA gene revealed no such promoter, suggesting an alternative mode of control for sodA. By transverse field electrophoresis, sodA and sodB were mapped to the 71-to 75-min region on the P. aeruginosa PAO1 chromosome. Strikingly, mucoid alginate-producing bacteria generated greater levels of manganese superoxide dismutase than nonmucoid revertants, suggesting that mucoid P. aeruginosa is responding to oxidative stress and/or changes in the redox status of the cell.
iron chelators (28) , denitrification in the presence of paraquat (32) , heat shock (31) , and changes in the redox potential of the cell (17) . On the genetic level, sod4 transcription is negatively regulated by the fur, arc, and fnr gene products (18) . In contrast, sodB transcription is positively regulated two-to threefold by thefur gene product and is negatively regulated by iron starvation (30) . E. coli mutants possessing no SOD activity demonstrate an O2-dependent auxotrophy for branched-chain and aromatic amino acids (5) . Thus, SOD-deficient E. coli cannot grow in minimal media but does grow slowly in rich media under aerobic conditions (5) . To begin studies on the role of SOD in P. aeruginosa, we report here the cloning of the sodA and sodB genes and characterization of their gene products.
In addition, we demonstrate that mucoid, alginateproducing bacteria generate increased levels of Mn-SOD, suggesting a link between oxidative stress, associated with changes in the redox status of the cell, and alginate production by P. aeruginosa.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. All P. aeruginosa strains employed in this study were derived from FRD1, a sputum isolate from a CF patient (12) . Relevant properties of all bacterial strains and plasmids used in this study are shown in Table 1 . Growth conditions. All bacteria were grown from singlecolony isolates or overnight cultures in either Luria (L) broth (10. (26) , with 1 U of SOD activity causing a 50% inhibition of the rate of cytochrome c reduction by a system generating xanthine oxidase-xanthinecatalyzed O2-generating system. Cell extracts were prepared for native gel electrophoresis as above except that the top running buffer instead of WB was used as a diluent. Gels were then stained for SOD activity according to the method of Clare et al. (7) . Protein concentrations in cell extracts were estimated by the method of Bradford (4) with bovine serum albumin as standard.
Mapping of sod4 and sodB. P. aeruginosa sodA and sodB genes were mapped by the method of transverse alternatingfield electrophoresis as previously described (35 (5) . This is because the enzymes necessary for branched-chain amino acid biosynthesis (i.e., dihydroxy-acid dehydratase [23] ) and metabolism (i.e., aconitase [11] ) areO2 sensitive in the Sod -mutant and there is no sod gene product to protect these critical enzymes. Colonies of J1132 containing complementing plasmids which restored a Sod' phenotype were selected by their growth on minimal medium agar plates (29) . Such colonies also grew more rapidly on rich media (e.g., L agar), A(sodA sodB)] were grown as described in Materials and Methods for 17 h at 37°C in L broth plus 100 ,ug of ampicillin. P. aeruginosa was grown in high-phosphate succinate medium as previously described (19) . Suspensions (1.5 ml each) were centrifuged for 2 min at 13,000 x g and washed once in 1. We have previously shown that the Fe-SOD and Mn-SOD of P. aeruginosa and those of E. coli migrate differently when cell extracts are electrophoresed on 10% native polyacrylamide gels and stained for SOD activity (19) . As shown in Fig. 1 , P. aeruginosa FRD2 generated both Fe-SOD and Mn-SOD when grown in a high-phosphate succinate medium, a medium which we previously found to enhance Mn-SOD production (Fig. 1 Fig. 2A and B) . The (Fig. 3A) . The start of sodB transcription was determined by extension of a primer hybridizing to the 5' region of the sodB mRNA (Fig. 4) . The major transcript started with a G residue at position 51 in Fig. 3B and 4 . The potential -10 (TATGAT) and -35 (GTGATA) regions of an RNA polymerase-binding site are also indicated upstream of the transcription start site in Fig. 3B and 4 . Interestingly, the amounts of sodB transcript in P. aeruginosa FRD1 (mucoid) and FRD2 (nonmucoid) bacteria were identical. As a convenient internal standard, primer extension of the algD gene was also employed. As expected, there were high levels of transcript in A. Mapping of sod4 and sodB on the P. aeruginosa chromosome. To determine the location of the P. aeruginosa sodA and sodB genes on the P. aeruginosa PAO1 chromosome, we performed transverse pulsed-field gel electrophoresis (35) demonstrate high similarity regardless of whether the source was prokaryotic or eukaryotic (3; data not shown).
Growth ofsodA-and sodB-containing strains ofE. coli J1132. As described above, the E. coli sodA sodB mutant grew on minimal medium agar plates and formed larger colonies on L agar when it carried the P. aeruginosa sodA or sodB gene. To further examine the ability of isolated sodA and sodB genes of P. aeruginosa to complement the Sod-growth phenotype in E. coli J1132, the effects of the P. aeruginosa sodA and sodB expressed in high copy number (pKS -) on the growth of E. coli J1132 in L broth were assessed (Fig. 6 ). Growth studies have previously been employed to assess various degrees of SOD complementation in Sod-bacteria (5) . The clone of sodA used was from pDJH9, and that of sodB was from pDJH7. By 6 h postinoculation, J1132(pDJH7) had reached a turbidity that was approximately sixfold higher than that of the Sod -strain and was slightly higher than that of the sodAcontaining clone, pDJH9. However, the presence of the P. aeruginosa sodA or sodB gene in the sodA sodB mutant did not completely restore growth to the rate of the wild-type strain AB1 157, despite the mutant's greater total SOD activity ( 
Sequence and primer extension analysis of the sodB promoter region. RNAs from P. aeruginosa FRD1 (mucoid) and FRD2 (nonmucoid) were primer extended with reverse transcriptase and a 5'-end-labeled primer. The same primer was used to generate the sequencing ladder with pDJH7 DNA as a template. The size of the primer extension product is indicated (vertical arrows). Also given are the -10 and -35 promoter regions with the frequencies of matching with consensus E. coli promoter sequences.
oxidase-cytochrome c reduction assay (26) in the cell extracts of E. coli JI132 containing such clones in addition to mucoid and nonmucoid strains of P. aeruginosa. It has been previously shown that alginate produced by mucoid P. aeruginosa can act as a scavenger of 02 generated by stimulated human macrophages (36) . This suggests that mucoid and nonmucoid isogenic strains may behave differently in response to oxidative stress. To test this hypothesis, we measured SOD activity of mucoid, alginate-producing P. aeruginosa FRD1 as well as that of its nonmucoid counterpart, FRD2. Interestingly, both FRD1 and FRD2 possessed nearly fourfold the SOD activity of the wild-type E. coli strain, AB1157 (Table 2 ). However, P. aeruginosa FRD1 possessed significantly greater activity than FRD2 (85 versus 65 U/mg). Total SOD activity in wild-type AB1157 was similar to that of J1132(pDJH1) but was less than that of JI132 (pDJH6). When sodB and sodA were subcloned onto high-copy-number vectors such as pDJH7 (sodB in 
Amino acid similarity between the SODs of P. aeruginosa and E. coli. EF, E. coli Fe-SOD; EM, E. coli Mn-SOD; PF, P. aeruginosa Fe-SOD; PM, P. aeruginosa Mn-SOD. Highly conserved amino acids are boxed. M, metal-binding region. Reprinted in a modified form from Progress in Nucleic Acid Research (3) with permission of the publisher.
SOD activity was increased compared with that for the promoterless clone (pDJH4). Activity expressed by pDJH4 was presumably driven by vector (pKS -) promoter. Interestingly, when we examined SOD activity in alginate-producing (mucoid) and nonmucoid P. aeruginosa on native polyacrylamide gels stained for SOD activity (Fig. 7) , we demonstrated that mucoid bacteria generate increased levels of Mn-SOD relative to nonmucoid bacteria in L broth or YTG medium.
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DISCUSSION
To begin characterizing the role of SOD in oxidative stress in P. aeruginosa, we cloned, sequenced, and expressed the sodA and sodB genes encoding Mn-SOD and Fe-SOD. As with SOD sequences from various phyla (3), there was significant amino acid similarity, suggestive of a highly conserved evolutionary link. Interestingly, the P. aeruginosa SodA showed less similarity to the E. coli SodA than did the P. aeruginosa SodB to the E. coli SodB (Fig. 5) . Transcription of the sodB gene of P. aeruginosa appears to be under the control of a promoter identified in this study. A primer extension analysis showed that transcription of sodB initiated 174 bp upstream of the ATG translational start codon, and a promoter possessed a 5/6 match at the consensus -10 region and a 4/6 match at the -35 region. Thus, we would predict that the sodB promoter is of the a7 variety. In contrast to upstream regions of sodB, we were unable to find any region of DNA 519 bp (to the BamHI site) upstream of the sodA4 ATG codon which resembled a consen- sus -35/ -10 promoter region, and identification of its promoter region is currently under investigation.
Because part of the defective phenotype associated with a double mutation in sodA4 and sodB in E. coli is a slow growth rate in rich medium relative to wild-type bacteria, we also analyzed the efficacy of growth rate complementation after introducing high-copy-number plasmids containing the sodA or sodB gene of P. aeruginosa into this mutant. Clearly, the expressed activity of the P. aeruginosa sodA4 or sodB gene permitted the oxygen-sensitive, SOD-deficient E. coli mutant, J1132, to grow well under highly aerobic conditions in L broth. Still, why wild-type E. coli (containing 16 U/mg) grew more rapidly than the sodA4 sodB mutant containing pDJH7 or pDJH9 (which possessed 55 and 45 U/mg, respectively) remains a puzzle. It has been suggested that SOD hyperproducers demonstrate greater sensitivity to aerobic growth than wild-type bacteria (34), due to the concomitant production of greater levels of H202, a product of SOD. This issue was recently resolved by Liochev and Fridovich (24) , who demonstrated that an abnormal increase in Mn-SOD activity can tax the bacterium metabolically by limiting the biosynthesis of other enzymes which are normally stimulated by elevated intracellular levels of 02 (e.g., glucose-6-phosphate dehydrogenase, endonuclease IV, etc. [13] ). In support of the latter hypothesis, the Sod' strain, AB1157, grew slightly more slowly with the 3.4-kb PstI sodB fragment (pDJH7) (data not shown). Alternatively, it is possible that the Fe-SOD and Mn-SOD have different locations or roles, and thus, either alone is insufficient to completely restore the double mutant to the wild-type growth rate. Furthermore, these results could be attributed to cross-species differences.
At present, we know little of how the P. aeruginosa sodA and sodB genes are regulated in response to oxidative stress. Interestingly, both oxygenation and decreased levels of available iron, conditions which increased the biosynthesis of the Mn-SOD in E. coli, also stimulate alginate biosynthesis by P. aeruginosa (22, 41) . Alginate is an unbranched (1-4)-linked exopolysaccharide composed of ,B-D-mannuronate and its C-5 epimer a-L-guluronate. The biosynthesis of alginate by P. aeruginosa occurs almost exclusively in the pulmonary airways of patients afflicted with CF, an event which considerably hastens morbidity and mortality of the disease. In this study, we demonstrate that Mn-SOD activity is increased in alginateproducing P. aeruginosa relative to isogenic nonmucoid bacteria. Typically, the Fe-SOD is the predominant SOD synthesized by P. aeruginosa under routine laboratory conditions (19, 39) . However, when iron becomes limiting in the presence of high levels of manganese (300 ,uM) (19), the Mn-SOD is also produced. Martins et al. (25) and Appanna (1) have recently demonstrated that increased manganese levels (500 ,uM) also stimulate alginate biosynthesis in P. aeruginosa and exopolysaccharide production in Rhizobium meliloti, respectively. The increase in Mn-SOD activity by mucoid P. aeruginosa suggests that mucoid bacteria are under iron limitation and/or oxidative stress. Being highly negatively charged, alginate can possibly act as an iron-sequestering agent once secreted from the cell, a hypothesis which has been supported by physicochemical studies (21, 37) . Therefore, if alginate-producing P. aeruginosa is suffering from iron deprivation, which leads to an increase in Mn-SOD activity, then the addition of purified, Chelex-100-treated P. aeruginosa alginate to nonmucoid bacteria should also lead to an increase in Mn-SOD activity. We have also demonstrated that both the sodA and the sodB genes of P. aeruginosa map to the 71-to 75-min region of the 75-min P. aeruginosa PAO1 chromosome. In contrast to the locations of sodA and sodB in P. aeruginosa, the locations of sodA and sodB in E. coli are quite distant from each other, being localized to the 88.45-and 36.35-min regions of the 100-min chromosome, respectively (27) .
Using the cloned sodAl and sodB genes and current gene replacement techniques, we are now in the process of constructing sodA and sodB mutants of P. aeruginosa to examine the phenotype of this obligate respirer without these important enzymes which help relieve oxidative stress. The generation of these mutants would allow us to examine the possibility that elevated levels of 02-,which can alter the redox status (or potential [in millivolts]) of the bacterium (17) , may indirectly control the expression of various virulence factors including alginate and other antioxidants in P. aeruginosa.
